Although many people are aware of the communication that occurs between the gastrointestinal (GI) tract and the central nervous system, fewer know about the ability of the central nervous system to influence the microbiota or of the microbiota's influence on the brain and behavior. Within the GI tract, the microbiota have a mutually beneficial relationship with their host that maintains normal mucosal immune function, epithelial barrier integrity, motility, and nutrient absorption. Disruption of this relationship alters GI function and disease susceptibility. Animal studies suggest that perturbations of behavior, such as stress, can change the composition of the microbiota; these changes are associated with increased vulnerability to inflammatory stimuli in the GI tract. The mechanisms that underlie these alterations are likely to involve stress-induced changes in GI physiology that alter the habitat of enteric bacteria. Furthermore, experimental perturbation of the microbiota can alter behavior, and the behavior of germ-free mice differs from that of colonized mice. Gaining a better understanding of the relationship between behavior and the microbiota could provide insight into the pathogenesis of functional and inflammatory bowel disorders.
consider the influence of the brain on the microbial content of the gut and, conversely, to examine the evidence showing that the intestinal microbiota influences the brain and behavior. Investigation of the integration of the intestinal microbiota into the GBA could improve the understanding of the pathophysiology of both functional 1 and inflammatory 2 bowel conditions.
The GBA contributes to homeostasis of several systems, including GI function, appetite, and weight control. Because GI motility and epithelial function are critical determinants of the habitat for the microbiota, changes induced by the central nervous system or the GI tract alter the habitat and perturb the intestinal microbiota. 3 The longstanding observation that oral antibiotics and laxatives ameliorate hepatic encephalopathy provides a potent reminder that the intestinal microbiota is capable of influencing behavior, albeit under pathologic conditions. 4 Taken together, these observations provide a framework for considering the integration of the intestinal microbiota into the bidirectional GBA.
The Intestinal Microbiota
The gut contains a vast and complex microbial ecosystem, comprising mainly bacteria, of which most are strict anaerobes; it also includes fungi and viruses, [5] [6] [7] but only bacteria are considered in this review. Commensal bacteria instruct the immune and physiologic systems throughout life and are responsible for the presence of inflammatory and immune cells in the healthy gut: socalled "physiologic" or "controlled" inflammation. The term physiologic inflammation refers to the presence of inflammatory cells in the mucosa and submucosa of the healthy GI tract and reflects the presence and immunologic accommodation (rather than immune tolerance) of the intestinal microbiota. The microbiota serves the host by protecting against pathogens, participating in the intake nutrients from the diet, metabolizing certain drugs and carcinogens, and influencing the absorption and distribution of fat. 8, 9 The influence of the intestinal microbiota extends beyond the GI tract, contributing to, for example, pain perception in the skin 10 and fat deposition in the liver. 11, 12 Disruption of the symbiotic relationship between the microbiota and the GI tract, referred to as dysbiosis, 13 perturbs host functions and, in some cases, causes the expression of overt and serious diseases such as IBD and Clostridium difficile colitis. 14 -16 
Influence of the Microbiota on the GI Tract
A strategy that is commonly used to investigate interactions between the microbiota and the host is to compare germ-free animals with those colonized with a single strain or multiple strains of bacteria. 17 The microbiota influences expression of a broad array of host genes. A comparison of germ-free mice and mice colonized with Bacteroides thetaiotaomicron, a prominent member of the adult mouse and human gut microflora, showed that the microbiota modulate the expression of genes that regulate nutrient absorption, mucosal barrier enhancement, xenobiotic metabolism, and angiogenesis. 18 Colonization with B. thetaiotaomicron also induced a 2-to 5-fold increase in mRNA encoding the synaptic vesicle-associated protein-33, 18 which is involved in synaptic neurotransmission. 19 This finding indicates that commensal bacteria can influence the expression of genes whose products influence function in the nervous system.
Comparisons of germ-free and colonized animals indicate that, although crypt villous formation does not require the presence of bacteria, epithelial cell differentiation, including Paneth cell development, depends on the microbiota in a way that serves both the host and resident bacteria (for review, see Falk et al 17 ) . Similarly, the production and composition of mucin 20 and the development of 5-hydoxy-tryptamine-secreting enteroendocrine cells is influenced by the microbiota. 21 Germ-free rodents have an enlarged cecum, reflecting a gross disturbance in GI motility 22, 23 ; its prompt reversal to normal size on bacterial colonization identifies the microbiota as a determinant of GI motility. 24 -26 The abnormal motility of germ-free animals probably reflects a combination of the lack of a mature enteroendocrine system, 21 changes in neurotransmission, 18 and immaturity of the mucosal immune system. The intestinal microbiota also has an important influence on the imprinting, maturation, and maintenance of the mucosal immune system (for reviews, see Falk et al 17 and Macpherson et al 27 ). Inflammatory cells are sparse in the germ-free intestine, and secondary lymphoid structures are not developed. The significant number of inflammatory cells in the lamina propria of the colonized intestine of healthy hosts and the preservation of normal epithelial structure and function are reflections of the delicate and mutually beneficial relationship between the intestinal microbiota and the host. Disruption of this balance, as a result of perturbation of the microbiota by infection or antibiotics, results in dysbiosis. The effect of dysbiosis on the host is determined by the nature and magnitude of change in the bacteria composition of the GI tract, as well as by host susceptibilities.
Another strategy for assessing the effect of the intestinal microbiota on host function is to perturb the commensal bacteria with the use of oral antibiotics. 28 A combination of neomycin and bacitracin altered the microbiota in mice, substantially reducing the Lactobacillus population. 29 As shown in Figure 1 , this resulted in a small increment in myeloperoxidase (MPO) activity (a measure of granulocytic inflammatory cell activity) without causing tissue damage. This increment in physiologic inflammation was accompanied by an increase in immunoreactive substance P, a sensory neurotransmitter, in the intestinal wall. The functional consequence was an increase in the visceromotor or pseudoaffective response (abdominal wall contraction after colorectal balloon distension), a widely used measure of visceral pain. 30 Thus, perturbation of the microbiota produced a response profile reminiscent of changes seen in some patients with irritable bowel syndrome (IBS): subclinical inflammation or immune activation and visceral hyperalgesia. Interestingly, when the mice were gavaged with Lactobacillus paracasei, the antibiotic-induced changes in inflammation, neurotransmitter content, and the visceromotor response improved. 29 Because the antibiotic-induced changes in the visceromotor response, immunoreactive substance P, and myeloperoxidase activity could also be attenuated by the administration of dexamethasone, it was concluded that the changes in visceral perception were secondary to the increase in the inflammatory or immune cell presence induced by the dysbiosis. 29 These results show that commensal bacteria can influence primary afferent nerves in the gut and serve as an example of a functional relationship between the sensory component of nervous system and the intestinal microbiota.
Influence of GI Physiology on the Microbiota
Although the microbiota exert a broad influence on host physiology, the converse is also true. Under normal conditions, the GI tract provides a stable habitat for commensal bacteria that supports its structural and functional integrity (Figure 2A ). Disturbance of normal GI physiology destabilizes the habitat, resulting in changes in its microbial composition. An example of this is the change in the bacterial composition of the GI tract after interruption of normal interdigestive motility in the rat 31 and in human beings. 3 Changes in epithelial cell physiology, mucous secretion, and intestinal barrier function are also likely to affect the mucosal-associated microbial ecosystem. 17 The sympathetic nervous system facilitates the selective presentation of enteric bacteria to the mucosal immune system. 32 Norepinephrine-containing nerve fibers were identified in close proximity to the epithelium that overlies lymphoid follicles in pig jejunum. Application of norepinephrine increased the uptake of pathogenic bacteria into the follicles; this was prevented by the adrenergic antagonist phentolamine. However, the underlying cellular mechanisms were not elucidated but probably involve the interaction of sympathetic nerves with dendritic cells or specialized epithelium to sample luminal bacteria and selectively take up pathogenic bacteria for presentation to the mucosal immune system. 32 Evidence also suggests that the release of biologic amines, such as norepinephrine, can influence the composition of the intestinal microbiota. This neurotransmitter has been shown to stimulate the growth of pathogenic and nonpathogenic Escherichia coli in vitro and to influence their adherence to the mucosa. [33] [34] [35] Changes in host physiology, initiated within the GI tract or by the central nervous system, produce changes in the bacterial composition of the GI tract. Alternatively, changes in the microbiota, induced by infection or antibiotics, or other events such as stress (see below) perturb physiologic inflammation and GI physiology. A change in GI physiology provides an altered habitat that in turn supports a different microbiota. We propose that this cycle ( Figure  2B ) could be a basis for maintaining a state of GI dysfunction after perturbation of the microbiota; it could also explain the development and persistence of dysbiosis in conditions in which there is a primary disturbance of GI physiology. So, the optimal therapy for these disorders would stabilize both host physiology and the bacterial composition of the GI tract.
Ability of the Brain to Influence Microbiota
Several animal studies suggest that psychological stress alters GI flora, but each of these studies has limitations. Tannock and Savage 36 reported changes in GI flora of mice stressed by deprivation of food, water, or bedding. However, these environmental changes would be expected to have a direct effect on the microbiota that is independent from a stress response. Bailey and Coe 37 used maternal separation to demonstrate a reduction in lactobacilli for Յ7 days in infant rhesus monkeys; these results should be interpreted cautiously because the stressor limited maternal contact, and the analysis was limited to the identification of culturable bacteria. An interesting finding was that the reduction in lactobacilli appeared to promote the emergence of enteric pathogens such as Campylobacter jejuni. Additional studies showed the ability of probiotics to ameliorate stress-induced changes in GI function 38 and to attenuate the observed reduction in lactobacilli in maternally deprived rat pups. 39 A recent study showed that stress during early life (maternal separation) produced changes in the microbiota of the offspring, and this was associated with increased levels of corticosterone and inflammatory cytokines 40 ; the investigators speculated that this could reflect cytokine-induced hyperresponsiveness of the hypothalamic-pituitary pathway in response to maternal separation. In another study, maternal separation in mice was accompanied by an increase in intestinal permeability and a vulnerability of the GI tract to inflammatory stimuli. 41 Taken together, research conducted on offspring that had been separated from their mothers show an increased stress response, a systemic cytokine response, increased intestinal permeability, and a shift in the bac- Figure 1 . The effect of antibiotic-induced perturbation of the intestinal microbiota on myeloperoxidase activity (A), immune-reactive substance P in the intestinal wall (B), and visceromotor response to balloon distension in mice (C) with or without treatment with Lactobacillus paracasei. AB, antibiotic; ATB, antibiotic; AUC, area under the curve; Con, control; CRD, colorectal distension; LB, lactobacillus. Adapted with permission from Verdu et al. 29 terial composition of the GI tract; these changes could contribute to the increased susceptibility of the GI tract to chemical and infectious inflammatory stimuli observed in stress models. Because the stressor, separation of mother and offspring, is applied at a time when the GI tract is becoming colonized and host immune and physiological systems are maturing, the extent to which these findings can be applied to adult animals is limited. Reserpine-induced depression in adult mice was also accompanied by a vulnerability to GI tract inflammation, 42 but underlying mechanisms might differ from those observed in the maternal separation model, and the effect of the adult-onset depression on the microbiota has not yet been studied.
There are several mechanisms by which stress can alter the bacterial composition of the GI tract, including changes in epithelial cell function and mucus secretion as well as changes in GI motility. 41, 43, 44 As described, release of norepinephrine into the GI tract during stress might preferentially stimulate the growth of specific strains of bacteria as well as their ability to adhere to the mucosa. [32] [33] [34] 
Ability of Microbiota to Influence the Brain and Behavior
The most compelling evidence of a GI microbebrain interaction is the often dramatic improvement in patients with hepatic encephalopathy after the administration of oral antibiotics and laxatives. 4 Although the mechanistic basis for hepatic encephalopathy is incompletely understood, 45 there is some evidence from a rat model of hepatic failure that certain bacteria can produce a ligand for the benzodiazepine receptor that may contribute to the encephalopathy. 46 Observations in human beings offer provocative but nevertheless weaker evidence of communication between the microbiota and brain. Patients with symptoms of depression have been shown to have abnormal profiles of breath hydrogen excretion after ingesting fructose and other sugars. 47 Eliminating fructose from the diet resulted in an improvement in depression. 48 In addition, fructose malabsorption was accompanied by a reduction in plasma tryptophan. 49 Fructose malabsorption provides substrate for rapid bacterial fermentation, resulting in changes in GI motility, the mucosal biofilm, and the profile of the microbiota. 50 A recent study showed that rats given Bifidobacteria infantis for 14 days had increased plasma tryptophan levels, suggesting that commensal bacteria have the ability to influence tryptophan metabolism. 51 Thus, it is possible that the reported linkages between carbohydrate malabsorption and depressive-like behavior reflect bacterial interference with tryptophan metabolism. 51 Culture-and molecular-based analyses have shown changes in the microbiota of a small number of autistic patients, compared with controls, with a greater prevalence of clostridial species in autistic patients. 52, 53 In an uncontrolled trial, vancomycin provided transient symptomatic relief to a limited number of children with late-onset autism. 54 However, the relationship between the microbiota and autistic behavior remains speculative.
Studies have shown that the brain responds to the introduction of noninvasive pathogenic bacteria into the cecum; brain stem nuclei are rapidly activated, 55 and there is expression of anxiety-like behavior in mice. 56, 57 This response is thought to be mediated by signals from the afferent vagus nerve to the nucleus of the solitary tract and the lateral parabrachial nucleus. 57 No evidence of inflammation was observed within the short time frame of these studies. 57, 58 The composition of commensal bacteria was not assessed in these studies, but persistent and major perturbations of the microbiota were unlikely, given the short duration of the experiments and the absence of an overt inflammatory response to pathogens, which is critical for a sustained disruption of the microbiota. 59, 60 Studies in which mice were chronically infected with Helicobacter pylori also show evidence of behavioral changes. This infection produces changes in gastric physiology that gradually improve after successful eradication of H. pylori. 61 These changes were accompanied by an alteration in feeding behavior that persisted after eradication of infection and resolution of the changes in gastric physiology. The persistent alteration in feeding behavior was accompanied by changes in the hypothalamic appetiteregulating peptide pro-opiomelanocortin. 62 The mechanisms that mediate changes in the brain and in behavior during and after H. pylori infection are unknown but could involve persistent immune activation in response to the infection. 63 A direct effect of H. pylori is unlikely, given the persistence of the behavioral changes long after eradication. The microbiota were not characterized in this model, but it is interesting that changes in brain chemistry and behavior were reversed by gavage of Lactobacillus rhamnosus and Lactobacillus helveticus. 62 Few studies have examined the brain and behavior in germ-free hosts. However, a study by Sudo et al 64 provided insight into the role of commensal bacteria in the imprinting of the hypothalamic-pituitary response to stress. During mild restraint stress, the investigators observed an increase in adrenocorticotrophic hormone (ACTH) and corticosterone release in young germ-free mice, compared with young, colonized specific pathogen-free (SPF) mice (Figure 3) . The response observed in germ-free mice was specific to the stressor and did not occur during etherinduced stress. The increases in stress-induced ACTH and corticosterone release were completely reversed when germfree mice were colonized with B. infantis but only partially reversed when germ-free mice were colonized with flora from SPF mice. This observation is important because it suggests that, within the flora of SPF mice, there are bacteria that contribute to suppression of the ACTH response and bacteria that increase this response; B. infantis clearly belongs to the former category. The investigators also showed that enteropathogenic E. coli could increase the stress response after mono-colonization of germ-free mice. This effect of E. coli appears to involve attachment of the bacteria to epithelial cells, because the effect was not observed after mono-colonization with mutant E. coli that lacked the translocation intimin receptor, which is critical for the successful attachment to the epithelium. Interestingly, the reversibility of the exaggerated stress response was observed only in very young mice, indicating that there is a critical period in which the plasticity of the neural regulation of the stress response is sensitive to input from the microbiota. Another important finding of Sudo et al 64 was the reduction in brain-derived neurotrophic factor expression and protein levels in the cortex and hippocampus of germ-free mice compared with SPF mice. The brain-derived neurotrophic factor regulates several aspects of brain activity, including mood and cognitive function. In a preliminary report, McVey-Neufeld et al 65 identified defects in contextual learning in germ-free mice under stress and nonstress conditions. They also found that germ-free mice exhibited higher levels of anxiety when stressed (an exaggerated stress response). Taken together, these reports demonstrate that the intestinal microbiota influence the development of brain responses to stress and influence cognitive function in young mice.
Experimental perturbation of the intestinal microbiota influences behavior in adult mice (Figure 4) . In that study, 66 mice were given antibiotics (neomycin and bacitracin) for 7 days by gavage, along with the antifungal agent primaricin to perturb the microbiota. 28, 29 Changes in behavior, as assessed by the step-down test and the light box-dark box test, were observed in the antibiotictreated mice; these tests measure anxiety-like behavior or timidity. 67 Antibiotic-treated Balb/c mice showed a re- duced latency to step-down and increased activity in the light box-dark box test (Figure 4 ). In addition, the mice given antibiotics spent more time exploring the light box, compared with control mice. These findings indicate that perturbation of the microbial content of the GI tract in adult mice results in measurable changes in behavior. The mice did not show fear or anxiety, but rather greater activity after perturbation of the microbiota; this is not consistent with a malaise effect of the gavaged antibiotics. On the basis of these findings, we propose that perturbation of the microbiota can influence behavior. This is consistent with a recent study reporting behavioral changes in mice in which the microbiota had been perturbed by dietary alterations. 68 The mechanisms by which the microbiota influence behavior are unknown but could include immune-mediated, neural, or humeral mechanisms. These mechanisms are by no means mutually exclusive; it is likely that they occur in series or in parallel. Immune mechanisms include activation of the innate immune response in the GI tract. Toll-like receptors-2, -4, and -5 are down-regulated in germ-free mice and become up-regulated during colonization, implying interactions between these receptors and the microbiota. 69 Dendritic cells of the GI tract have processes that breach the epithelial layer and interact with commensal bacteria to induce the production of immunoglobulin A by B lymphocytes and plasma cells. 70 Secreted immunoglobulin A limits the penetration of the epithelium by the microbiota. These mechanisms restrict the inflammatory response to commensal bacteria to the level seen under normal conditions (physiologic inflammation). Dendritic cells are in close proximity to nerves in the GI tract 71 ; the sensory neuropeptide calcitoningene-related peptide modulates dendritic cell function 72 and might signal the presence of commensal bacteria to the brain by the vagus nerve. 71 There is close integration of innate and adaptive responses, and the integrity of the adaptive immune response is important for normal cognitive function. Specifically, Kipnis et al 73 showed that, in mice, a deficit in peripheral T cells can result in cognitive and behavioral impairment, although the origin of these cells, and whether they cross the blood-brain barrier or signal from the periphery to influence behavior, is not known.
The vagus nerve has an important role in signaling from the GI tract to the brain and can be stimulated by bacteria products such as endotoxins or inflammatory cytokines such as interleukin-1␤ and tumor necrosis factor ␣. 74 The vagal response to stimulation by peripheral inflammatory events is the suppression of proinflammatory cytokine release from intestinal macrophages mediated by the ␣-7 subunit of the nicotinic acetylcholine receptor on these cell. 74, 75 Interestingly, this response is attenuated by the induction of depression in the mouse. 42 The introduction of noninvasive pathogens is rapidly signaled to the brain, reflected by increased activity of vagus nuclei in the brain stem, and this is accompanied by anxiety-like behavior in mice. 55, 57, 58 It is possible that perturbation of the microbiota is signaled in a vagus-dependent manner, resulting in altered behavior. For example, introduction of lactobacilli to the duodenum of rats has been shown to increase gastric vagal activity within minutes. 76 How is the presence of commensal bacteria communicated to the brain and how does it induce behavior changes? Some studies indicate that soluble factors are involved. Factor-S is a sleep-inducing substance that accumulates in the brain and body fluids of sleep-deprived animals. It is unique because of its bacterial origin and is derived from the bacterial cell wall. Studies suggest that GI bacteria are an important source of Factor-S because normal sleep patterns were disrupted after perturbation of the microbiota with oral antibiotics. 76, 77 Commensal bacteria also produce precursors of benzodiazepine receptor ligands that could contribute to encephalopathy in a rat model of liver failure. 46 Cognitive function improved in patients with minimal hepatic encephalopathy given Bifidobacterium longum with fructo-oligosaccharide for 9 weeks. Although the mechanism of action is poorly understood, B. longum might inhibit the activity of urease-positive commensal bacteria, which would reduce ammonia levels or the production of other substances of bacterial origin, including mercaptans and thioles. 78 
Probiotics
Probiotics are microbes (bacteria or yeast) that confer health benefits to the host when administered in sufficient quantity. They have been shown to influence function in a variety of organs, including the nervous Figure 4 . The effect of antibiotic-induced perturbation of the microbiota in mice. Mice were treated with bacitracin, neomycin, and primaricin 28 by gavage for 7 days. Behavior was assessed in the step-down test (left), and in the light box-dark box test (middle and right). Responses of control mice are shown in the yellow bars and those of antibiotic-treated mice are shown in the blue bars. Antibiotic-treated mice showed a significantly lower latency to step-down, greater time spent in the white box, and an increased number of crossovers between the light and dark boxes. ATB, antibiotics.
system. Several studies report the effects of probiotics on the GBA and in models of altered behavior.
In rats subjected to water-avoidance stress, intestinal barrier function was reduced, and bacterial adherence to the epithelium was increased. In addition, commensal bacteria translocated across a leaky epithelial barrier, ultimately reaching the mesenteric lymph nodes. 79 Exposure of rats to the probiotics L. helveticus and L. rhamnosus prevented the stress-induced increase in adherence as well as the translocation of commensal bacteria. Although it was observed that the probiotics improved epithelial function, it is not clear exactly how the probiotics functioned in this model of the stress response.
Rat pups that experience maternal deprivation have a significant increase in the visceromotor response to colonic distension and increased GI paracellular permeability, compared with controls. The probiotic L. paracasei significantly improved stress-induced visceral pain and restored normal GI permeability in the stressed rats. The investigators concluded that this was mediated, at least in part, by a soluble factor that was derived from the probiotic. However, the mechanisms of action were not identified. 80 Another study investigated the antidepressant potential of a probiotics B. infantis given for 14 days to rats that were chronically subjected to the forced swim test as a stressor. 51 This probiotic therapy resulted in a reduction in levels of interferon ␥, tumor necrosis factor ␣, and interleukin-6 after mitogen stimulation of peripheral blood monocytes. In addition, there was a marked and significant increase in plasma tryptophan and kynurenic acid in the probiotic-treated rats, compared with controls. However, there was an unexplained reduction in the concentration of 5-hydroxy-indole-acetic acid in the frontal cortex and a decrease in dihydroxyphenylacetic acid, a metabolite of dopamine, in the amygdaloid cortex in the rats given the probiotics, and no improvement in the forced swim test was observed. Although treatment failed to influence behavior, the results of this study are important because they show the antidepressant potential of the bacterium B. infantis, primarily by virtue of its ability to increase the serotonergic precursor, tryptophan. 51
Microbiota-GBA and Disease
Evidence is increasing for a role of the GBA in the pathogenesis of IBD. Imbalance between the sympathetic and parasympathetic outflow from the central nervous system has been reported in patients with IBD [81] [82] [83] and may be associated with behavioral change. For example, depression has been correlated with Crohn's disease, stress, and ulcerative colitis in separate groups of patients. 84 A controlled study found an increased prevalence of depression in patients with IBD. 85 It is difficult to ascertain from human studies whether behavioral changes are primary or occur as a result of the morbidity of these conditions. Animal studies show that stress exacerbates experimental colitis and that depression increases susceptibility to inflammatory stimuli by impairing vagal parasympathetic outflow to the gut. 41, 42, 86 Given the experimental evidence that perturbation of the microbiota alters behavior and that dysbiosis occurs in IBD, we speculate that dysbiosis could also contribute to the behavioral changes reported in some patients with IBD.
IBS is considered to be a disorder of the GBA, and evidence is emerging of dysbiosis in patients with IBS. Factors that are known to predispose individuals to IBS include enteric infection, antibiotic use, and stress and are also known to alter the bacterial composition of the GI tract. Acute bacterial gastroenteritis is the strongest risk factor known for the development of IBS. [87] [88] [89] [90] Antibiotic usage in children or in the context of postinfective IBS is also a risk factor for the development of IBS. 91, 92 Patients with IBS have an increased response to stress, 93 and stress is also a predictor of IBS 94 as well as a determinant of symptom severity. 95 Indirect evidence of dysbiosis in patients with IBS was based on the analysis of fermentation profiles on stool or breath samples. Some patients with IBS have demonstrable qualitative or quantitative changes in fermentation profiles compared with healthy controls, 96 -99 but the interpretation of these findings remains controversial. 100, 101 With the use of 16s rRNA analysis of stool samples, a recent study found significant changes, particularly in Lactobacillus species, in patients with IBS patients compared with controls. 102 A reduction in lactobacilli was also observed in patients with diarrheapredominant IBS, whereas patients with constipationpredominant IBS had increases in Veillonella species. 103 Another study showed a greater temporal instability of the microbiota during a 6-month period in patients with IBS, 104 but, unfortunately, the investigators did not correlate these findings with symptom fluctuation. Nevertheless, taken together, these findings support the existence of intestinal dysbiosis in IBS.
In animal studies, dysbiosis has been shown to induce low-grade inflammation that is not accompanied by tissue damage, 29 and it is plausible that dysbiosis is the cause of the low-grade inflammation found in mucosal biopsies in subsets of patients with IBS. The longstanding notion that IBS represents a low-grade inflammatory disorder 105 is now supported by several lines of evidence, including genetic studies, 106, 107 semiquantitative histologic studies, 108 as well as studies reporting increased mediator production from inflammatory cells in the GI wall 109 and systemic circulation. 110 We speculate that dysbiosis is a determinant of immune activation and low-grade inflammation in this subset of patients with IBS.
The potential for the microbiota to produce small increments in physiologic inflammation and thereby perturb GI and brain function prompts consideration of a unifying hypothesis for IBS. Historically, IBS has been viewed as a psychosomatic disorder, with emphasis on psychiatric comorbidity and symptom reporting by patients with IBS, a central model of the pathogenesis of IBS. During the past decade, another school of thought has emerged, implicating gastroenteritis and low-grade inflammation as mechanisms that underlie GI dysfunction and the symptoms of IBS, a peripheral model of IBS. However, psychiatric comorbidity also occurs in patients Figure 6 . The integration of the intestinal microbiota into the brain-gut axis (GBA). Shown are the putative mechanisms whereby the brain may influence the composition of the intestinal microbiota, and whereby the microbiota may influence the brain. The communication between these systems is bidirectional. These are the components of the proposed bidirectional microbiota-gut-brain axis. CNS, central nervous system; EE, entero-endocrine.
with postinfective IBS, and low-grade inflammation is found in patients with IBS with or without a history of gastroenteritis. These observations prompt consideration for a role of microbiota-GBA interactions in the pathophysiology of IBS, particularly in patients with demonstrable intestinal dysbiosis.
On the basis of the experimental data reviewed in this article, we propose a model to incorporate intestinal dysbiosis into a conceptual framework of IBS, illustrated in Figure 5 . In this model, recognized IBS risk factors, such as acute gastroenteritis, antibiotic therapy, or stress, produce intestinal dysbiosis and an incremental increase in physiologic inflammation in the colon that is subclinical but sufficient to alter neuromuscular function (and thus produce GI symptoms). In addition, intestinal dysbiosis may contribute to the behavioral profile of patients with IBS. This construct requires testing in clinical studies.
In conclusion, experimental data and clinical observations support the integration of the intestinal microbiota into the GBA ( Figure 6 ). These include the bidirectional interactions between the microbiota and GI physiology and the associations between the microbiota and behavior. Future research should focus on the contributions of immunologic, neural, and biochemical or metabolic pathways to the microbiota-GBA relationship. A better understanding of these relationships will improve our understanding of functional and inflammatory conditions of the GI tract and of hepatic encephalopathy. This knowledge may also prompt further exploration of the role of the intestinal microbiota in behavioral illnesses such as depression.
